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Abstract 
In nuclear reactor accident at Fukushima NPP, the reactor core was damaged by the severe conditions 
such as very high temperature and sea water injection, forming a huge amount of nuclear fuel waste so 
called debris fuel. Since UO2 fuel pellets are packed in the zircaloy cladding and the fuel assemblies were 
charged in the reactor core, the fuel debris consists of many types of the mixture of nuclear fuel and 
structural materials. Some of them are the mixture of metal and oxide, or mixtures after melting. 
Sulfurization method is one of the promising techniques for the separation and recovery of rare metals. 
Especially, the dry process has an advantage for the reduction of radioactive waste in nuclear engineering 
field.  In this paper, sulfuization behavior of uranium oxides, zirconium oxide and metal as fuel and 
structural materials was studied by using carbon disulfide for the sulfurization treatment of fuel debris 
components. No reaction was observed for Uranium oxides in the presence of CS2 at T<773 K, while 
metal components, such as zirconium metal shows sulfurization at lower temperature. After the selective 
sulfurization treatment, separation of sulfurized materials from oxides or metals was examined by acid 
leaching method. Application of mechanochemical treatment was considered for the size reduction and 
effective sullfurization. When the mixture of simulated fuel debris was mechanochemically treated, the 
interaction of zirconium with UO2 seems to occur forming the UO2-ZrO2 solid solution.  
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1. Introduction 
To operate the power plant for this purpose, nuclear materials, such as uranium and plutonium in the 
spent fuel should be recycled. In a spent fuel, nuclear materials, depleted uranium and plutonium exist as 
oxides with fission products such as lanthanides, alkaline-earths, precious metals which are produced by 
the fission reaction of 235U in the reactor. The spent fuel also contains minor actinides such as neptunium, 
americium etc. At present, wet processes are operated in commercially for light water reactors. However, 
new process which enables the reduction of plant area and waste amount should be considered from the 
economical and environmental points of view. The dry processes are drawing much attention since they 
can attain the crude separation of radioactive materials producing less waste volume comparing with 
conventional wet processes. As a novel semi-dry reprocessing process of spent nuclear fuel burned in 
light water reactor, we have proposed a sulfide process1. This process is expected to attain the crude 
separation of fission products from the fuel materials producing less radioactive waste volume and risk of 
the nuclear proliferation comparing with the conventional wet processes like PUREX process. First, 
voloxidation of the spent UO2 pellet to U3O8 by heating at 1073 K in air causes spontaneous decladding 
of spent fuel from the cladding tube. Second, selective sulfurization is conducted for the powdered spent 
fuel by CS2 gas at 573 – 773 K which leads to the reduction of U3O8 to UO2 and sulfurization of rare-
earth oxides to oxysulfides and sulfides2,3. Finally, the sulfurized spent fuel is immersed into 0.1 or 1M 
nitric acid solution. It is well known that the solubility of rear earth sulfides to acidic solution is high 
because of the extremely high affinity of sulfide anion (S2-) to proton in aqueous solution. Therefore, rare-
earth oxysulfides and sulfides are highly soluble to 0.1 or 1M nitric acid, while UO2 is hardly soluble to 
these solutions4. Since PuO2 is thermodynamically more stable than UO2, plutonium in the spent fuel is 
expected to be recovered as a solid solution in UO2 matrix in the above mentioned sulfide process. To 
investigate the applicability of this sulfide process to the recovery of nuclear materials from spent fuel, 
behavior of nuclear materials and fission products as well as structural materials in the simulated fuel 
debris have been studied by the use of their tracers. Application of mechanochemical treatment for sulfide 
method has also been studied5. In nuclear reactor accident at Fukushima NPP, the reactor core was 
damaged by the severe conditions such as very high temperature and sea water injection, forming a huge 
amount of nuclear fuel waste so called fuel debris. Since UO2 fuel pellets are packed in the zircaloy 
cladding and the fuel assemblies were charged in the reactor core, the debris fuel consists of many types 
of the mixture of nuclear fuel and structural materials. The classification of the fuel debris is given in 
Table 1.  
Table 1 Classification of fuel debris. 
 
  Type Characterization
Slightly damaged fuel Similar to normal fuel
Fuel debris Melt pool Oxide phase (U,Zr,Fe)O2-x, ZrO2Low temp. alloy (U-Zr-Fe alloy)
Condensate
(Reactor core)
Oxide phase(U,Zr,Fe)O2-x, ZrO2
Boride and carbide (Fe2B, FeB, ZrB2, ZrC)
Low temp. alloy (U-Zr-Fe alloy)
Fuel cladding debris Oxide phases (U,Zr)O2-x +SiO2 , Fe2O3
Sea water containing debris Mixture of fuel oxide and sea water component
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There are five types of fuel debris, i.e. (1) slightly damaged fuel similar to normal spent fuel, (2) Melted 
fuel debris consisted with oxide phase and low temperature alloy, (3) Condensate of reactor core with 
several phases of oxide, boride and alloy, (4) Fuel cladding debris with oxide phases and (5) Sea water 
containing debris. Some of them are the alloy, the mixed oxides and the mixture of metal and oxide after 
melting. Then the application of sulfide process to fuel debris treatment can be considered based on the 
sulfurization study for both metal and oxide as mentioned above. In this paper, sulfurization behavior of 
uranium oxides, zirconium metal and oxide and structural materials as fuel debris was studied by the 
sulfurization treatment using carbon disulfide. 
2. Experimental 
2.1 Sample preparation 
The U3O8 sample was obtained by the oxidation of U metal turnings in air at 800 oC. The commercial 
grade of rare earth oxides were obtained from Wako Pure Chemical Co. and used without further 
purification. Analytical grade of CS2 with a boiling point of 319–320 K and maximum water content of 
0.02 % (Wako Pure Chemical Co.) and N2 gas of 99.99 % purity (Nippon Sanso Co.) were used as 
received. The 236Pu tracer was produced from 237NpO2 using the nuclear reaction of 237Np( , 
n)236mNp 236Pu. 239Np tracer was obtained from 243Am stock solution by a solvent extraction based on 
Sill’s method using tri-n-octylamine in xylene. 152Eu tracer solution was purchased from Japan 
Radioisotope Association. These tracers were mixed with uranyl nitrate solution, then coprecipitated as 
tracer doped ammonium di-uranate (ADU) by adding ammonia solution. This ADU was calcinated in air 
at 1273 K for 8 hours and tracer (236Pu, 239Np, 241Am and 152Eu) doped U3O8 was obtained. 
 
2.1 Sulfurization experiment 
 
Sulfurization of lanthanide and tracer doped uranium oxides was carried out using the quartz apparatus 
shown in Figure 2. About 0.5 g of sample was placed on the quartz boat in a quartz tube, and then the 
inside of the tube was evacuated by a rotary pump followed by refilling with nitrogen gas. After that, the 
temperature of the tube was raised by a tube type electric furnace with heating rate of 10 K min-1. At an 
intended temperature, the mixed gas of CS2 with N2 was induced into the quartz tube by flow rate of 5 ml 
min-1 of CS2 and 30 ml min-1 of N2. The flow rate of N2 gas was measured using a digital mass flow meter 
(Kofloc Model DPM-2A). 
 
 
 
 
Fig. 1 Schematic drawing of sulfurization apparatus. 
 
2.3 Dissolution experiment 
 
After the sulfurization treatment, the RI tracer doped U3O8 sample was immersed into 100 ml of acid 
solutions and shaken for 1 hour at 323 K by an air bath shaker. Then, the solution was separated by 
Gas outlet
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suction filtration to determine the dissolution ratio of uranium, plutonium, neptunium, americium and 
europium to the acid solutions by alpha and gamma-ray spectrometry.  
 
2.4 Analyses 
 
For the phase analysis of the products, the X-ray powder diffraction was carried out with a Rigaku Type 
RAD-IC diffractometer using CuK  radiation (40 kV, 20 mA) monochromatized by curved pyrolytic 
graphite. The slit system was 0.5o-0.5o-0.05mm-0.6mm. The measurement was performed 2  = 10 to 60o 
by continuous scanning with an interval of 0.02o. The phase of the product was identified by comparing 
obtained data with that of JCPDS. 
For the determination of dissolution ratio of each element, the alpha and gamma ray spectrometry was 
applied by using a surface semiconductor detector (Canberra, model-7401) and a coaxial Ge 
semiconductor detector (Camberra, model-GC1318), respectively. The isotopes used for quantitative 
analysis were 236Pu, 239Np, 241Am and 152Eu. For the quantitative alpha spectrometry, the samarium 
coprecipitation method developed by Mitsugashira et al.6 was employed in this study, where a natural 
radionuclide 147Sm is used as the inner standard for the counting efficiency calculation. 
3. Results and discussions 
3.1 Sulfurization of fuel materials  
 
For the sulfurization of nuclear materials, only uranium can be used for a bulk amount experiments. In the 
case of sulfurization of plutonium, CeO2 was used as a stand-in of PuO2. When the mixture of cerium and 
uranium oxides with  Ce/U=1 was heated in CS2 at 1273 K for 1 h, the XRD result was given in Fig. 3. In 
the pattern of the sample (Fig.3(a)), peaks for both U3O8 and CeO2 were observed. However, the peaks 
for U3O8 decreased drastically and those for CeO2 phase increased after heat treatment as seen in Fig.3(b).  
Since CeO2 and UO2 takes on fluorite structures, formation of solid solution with UO2, which was 
produced by the reduction of U3O8 with CS2, may occur. Actually, the lattice parameter of that product 
was between those of UO2 and CeO2 suggesting the formation of solid solution.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 X-ray diffraction patterns for the mixture of cerium and uranium oxides (Ce/U=1)                   
before (a) and after (b) heating in CS2 at 1273 K for 12 h.  
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Results of phase analysis by XRD diffraction for the products obtained by sulfurization of uranium and 
cerium oxides with CS2 at different temperatures are given in Table 2. Uranium dioxide UO2 is stable 
until 673 K in the presence of CS2. However, in the case of U3O8, reduction of U3O8 to UO2 occurred at 
573 K. Then a small amount of UOS is formed at 773 K7. Formation of further sulfides such as U2S3, US2 
was not observed at this temperature. Consequently, sulfurization of U3O8 is very similar to that of UO2. 
According to the sulfurization result in Table 2, PuO2 will not be sulfurized under the same conditions. 
According to the similarity of neptunium with uranium in the formation of oxysulfides and sulfides by the 
thermodynamic calculation, NpO2 seems to show similar behavior to that of uranium. On the other hand, 
the chemical properties of americium are different from the above actinides and similar to that of 
europium. From the results in Table 2, americium will react with CS2 under the given conditions. 
Accordingly, americium is supposed to be sulfurized to the oxisulfides like europium, while uranium, 
plutonium and neptunium are kept in their dioxide form. 
Table 2 Sulfurization of uranium and cerium oxides at different temperatures. 
 
Temp.(K) 573 673 873 
UO2 UO2 UO2 
UO2 
UOS 
U3O8 UO2 UO2 
UO2 
UOS 
CeO2 
(PuO2) 
CeO2 CeO2 
CeO2 
(Ce2O2S2) 
 
3.2 Sulfurization of fission products  
 
For the evaluation of selective sulfurization procedure, sulfurization of rare earth oxides was examined by 
heating each oxide in CS2 using horizontal reaction tube system as shown in Fig. 2. After the sulfurization 
experiments, phases in the product were analyzed by XRD method comparing with JCPDS data. Results 
are summarized in Table 3. For cerium oxide CeO2 as given in Table 2, it is very stable until 673 K and 
the sulfurization seems to start at 773 K forming Ce2O2S2.  On the other hand, the light rare earth group 
elements such as neodymium, samarium and europium, Ln2O3 (L = Nd, Sm, Eu) react with CS2 even at 
573 – 673 K forming oxysulfide Ln2O2S and sulfides LnS2, Ln2S3, and Ln3S48. For heavy rare-earth group 
elements such as gadolinium, higher sulfurization temperature is needed to form oxysulfide as seen in 
Table 3. Furthermore, the weight increase of Ln2O3 was observed by the reaction with CS2 even at 
temperatures lower than that for the formation of oxysulfide or sulfide. According to our previous study9, 
this may be caused by the replacement of oxygen atom in Ln2O3 structure by sulfur.  
 
Table 3 Sulfurization of rare-earth oxides at different temperatures. 
 
 
 
 
 
 
 
 
 
 
Temp.(K) 573 673 773 
Nd2O3 Nd2O2S 
Nd2O2S 
NdS2 
Nd2O2S 
NdS2 
Sm2O3 
Sm2O3 
Sm2O2S 
Sm2O3 
Sm2O2S 
Sm2O2S 
Eu2O3 
Eu2O3 
Eu3S4 
Eu3S4 EuS 
Gd2O3 Gd2O3 Gd2O3 
Gd2O3 
Gd2O2S 
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3.3 Dissolution behavior of fuel materials and fission products 
 
After the selective sulfurization, dissolution of lanthanide (Nd2O3, Eu2O2S) and actinide (UO2) obtained 
by the reaction of their oxides (simulated fuel oxide) with CS2 at 773 K was examined into 1 M HNO3 at 
room temperature. Figure 3 shows the dissolution ratios for these elements, obtained by the ICP analysis 
and radioactivity measurements, as a function of dissolution time. Since the sulfides are more soluble than 
oxide in acid, the sulfide Nd2S3 found to dissolve into diluted nitric acid within a short time, while UO2 
did slightly. In the case of Eu2O2S, the dissolution ratio is small at the beginning of dissolution but it 
dissolves completely after 1 hour. These results suggest the possibility of selective dissolution of rare-
earth sulfides and oxysulfides from the spent fuel. For the comparison of bulk and tracer samples, 
dissolution ratios uranium and plutonium obtained from the 238U and 236Pu doped in U3O8 after the 
sulfurization with CS2 at 773 K for 1h are also given in Fig. 3. It is noted that dissolution ratios of 
uranium for bulk and tracer sample show similar values. The relatively low dissolution ratio was also 
obtained for neptunium. This may be caused by the formation of NpO2 in the UO2 matrix even after the 
sulfurization treatment. The dissolution ratios for americium and europium were also measured by the 
simulated fuel containing of 241Am, and 152Eu sulfurized at 773 K. The obtained ratios are 22.5 and 
17.4 % for Am and Eu, respectively. As was expected from the similarly between Am and Eu, these two 
elements show similar behavior in the sulfurization and dissolution process. On the other hand, the 
dissolution ratios of Am and Eu were much higher than those of fissile elements, indicating Eu and Am in 
the uranium oxide matrix were sulfurized by the treatment with CS2 at 773 K, and separated from U and 
Plutonium by the selective dissolution to the dilute nitric acid solution due to the high solubility of the 
sulfide or oxisulfide. Furthermore, americium shows different behavior from other actinide elements. 
From the above results, the dissolution ratios of fissile elements, i.e., uranium and plutonium were 
suppressed to be low enough for the recovery of these elements as dioxides. 
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Fig. 3 Dissolution ratios for nuclear materials (U, Pu), minor actinide(Am) and fission products (Nd, Eu) 
after the sulfurization treatment with CS2at 773 K for 1 h. 
 
3.4 Mechanochemical treatment for fuel materials by CS2 
 
For the mechanochemical treatment of U3O8 or ZrO2, oxide powder mixed with CS2 was ground in a vial 
filled with argon. Results of phase analysis by XRD for the products obtained by reaction of U3O8 or 
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ZrO2 with CS2 with 1 hour milling duration at a rotation speed of 700 rpm are given in Table 4. And the 
molar ratio of M (The sum of U and Zr) and CS2 is approximately 1:10. In case of U3O8, the pattern of 
product corresponded to not U3O8 phase but UO2 one suggesting that the reduction from U3O8 to UO2 
took place by mechanochemical treatment. On the other hand, no change in the structure was observed 
when ZrO2 was treated mechanochemically in the presence of CS2. Furthermore, when the mixture of 
U3O8 and ZrO2 was used, the pattern was similar to UO2 phase. This means that UO2 produced by the 
reduction of U3O8 reacted with ZrO2 resulting in the formation of a (U,Zr) O2 solid solution. 
 
Table 4 Result of phase analysis by XRD after the mechanochemical treatment of uranium and 
zirconium oxides with CS2. 
 
 
 
 
 
 
 
 
4. Conclusions 
In this paper, sulfuization behavior of uranium oxides, zirconium oxide and metal as fuel and structural 
materials was studied by using carbon disulfide for the sulfurization treatment of fuel debris components. 
The results are summarized as follows. The U3O8 was reduced to UO2 by reaction with CS2 at T>573 K, 
while UO2 was stable in the presence of CS2 at T<773 K. No reaction was observed for ZrO2 in the 
presence of CS2 at T<773 K. After the sulfurization treatment, separation of sulfurized materials from 
oxides was examined by acid leaching method. The dissolution ratios were very low for uranium and 
plutonium and complete dissolution was observed for rare-earth oxysulfide and sulfide. However, 
dissolution ratios of ca. 20 % were obtained for americium and europium in U3O8. Application of 
mechanochemical treatment was considered for effective sulfurization at low temperature. When the 
mixture of simulated fuel debris was mechanochemically treated, the interaction of zirconium with UO2 
seems to occur forming the UO2-ZrO2 solid solution. According to the obtained results, application of 
sulfide process for fuel debris treatment was proposed as shown in Fig. 4. 
 
 
 
 
 
 
 
 
 
 
 
Sample U:Zr (mol%) Product 
U3O8 100:0 UO2 
ZrO2 0:100 ZrO2 
UO2+ZrO2 50:50 (U,Zr)O2 
VoloxidationSpent Fuel
Ln2S3, Ln2O2S,
SrS, PdS
Selective
Dissolution
Selective 
Sulfurizaton
U3O8 UO2
Ln2O3 Ln2S3
Ln2O2S
SrO SrS
Pd         PdS
Air
UO2 U3O8
CS2
UO2
PuO2
(Np,Am)
ZrO2
CeO2
Acid
Fuel 
debris
Mechanochemical treatment 
(Am)
Fig. 4 The proposed sulfide process for fuel debris treatment. 
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